We use powder neutron diffraction to study the spin and lattice structures of polycrystalline samples of nonsuperconducting PrFeAsO and superconducting PrFeAsO 0.85 F 0.15 and PrFeAsO 0.85 . We find that PrFeAsO exhibits abrupt structural phase transitions at 153 K followed by static long-range antiferromagnetic order at 127 K. Both the structural distortion and magnetic order are similar to other rare-earth oxypnictides. Electron doping the system with either fluorine or oxygen deficiency suppresses the structural distortion and static long-range antiferromagnetic order, therefore placing these materials into the same class of FeAs-based superconductors.
I. INTRODUCTION
The recent discovery of superconductivity in the rareearth ͑R͒ iron-based superconductors RFeAsO 1−x F x ͑Refs. 1-4͒ and A 1−x K x Fe 2 As 2 ͑A = Ba and Sr͒ ͑Refs. 5 and 6͒ has generated enormous interest because these materials are the first noncopper-oxide superconductors with T c up to 55 K. All of the parent compounds ͑RFeAsO, R = La, Ce, and Nd; AFe 2 As 2 , A = Ba and Sr͒ of the iron-based superconductors investigated so far display a similar antiferromagnetic phase transition accompanying a tetragonal to orthorhombic structural distortion on cooling from 250 to 100 K. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Upon doping with fluorine, the long-range antiferromagnetic order is gradually suppressed before superconductivity appears, revealing a remarkably similar electronic phase diagram as that of the copper-oxide superconductors. 10, 19 Although the lattice structure and magnetic properties of RFeAsO 1−x F x ͑R = La, Ce, Nd, and Pr͒ are similar, the maximum superconducting temperature T c of doped RFeAsO 1−x F x is dramatically different increasing from ϳ26 to ϳ50 K when R changes from the nonmagnetic element La to magnetic elements Ce, Nd, and Pr. The sensitivity of the superconductivity to rare-earth substitution is really surprising since the RO layer is separated from the superconducting FeAs layer and does not directly control the electron-doping concentration. In order to understand why the rare-earth substitution affects the T c , it is important to study how the rare-earth substitution affects the lattice and magnetic structures and the resulting electronband structures.
In this Brief Report, we present neutron-scattering studies of the parent compound PrFeAsO and its superconducting counterpart PrFeAsO 1−x F x , which possesses the highest T c in the FeAs-based superconductor series. 20 Furthermore, since superconductivity in PrFeAsO can also be induced by forming oxygen vacancies, comparing the structure and magnetic properties of the F-doped and oxygen-deficient samples should provide some clues to understanding the role of doping in the FeAs-based class of superconductors. Here we investigate the structure and magnetic properties of the parent compound PrFeAsO and its superconducting counterparts PrFeAsO 0.85 F 0.15 ͑T c =52 K͒ and PrFeAsO 0.85 ͑T c =52 K͒ by elastic neutron scattering. We find that PrFeAsO undergoes a structural distortion from tetragonal to orthorhombic symmetry near 153 K, accompanied by a magnetic transition to commensurate antiferromagnetic order of the Fe spins at ϳ127 K. These results, taken together with the observations of magnetic order in all the other systems which have been investigated to date, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] demonstrate that the antiferromagnetic order is universal for the parent compounds of the FeAs-based superconductors. Upon 15% nominal F doping, both the structural distortion and magnetic order are suppressed identical to the other FeAs-based superconductors. We also find that the structural distortion and magnetic order are suppressed in the oxygen-deficient superconducting PrFeAsO 0.85 sample. Thus, removing oxygen from PrFeAsO has the same impact on the structural and magnetic properties as doping F in the system.
II. EXPERIMENTAL RESULTS AND DISCUSSION
We have employed neutron diffraction to study the structural and magnetic orders in polycrystalline samples of PrFeAsO, PrFeAsO 0.85 F 0.15 ͑T c =52 K͒, and PrFeAsO 0.85 ͑T c =52 K͒. The samples were synthesized by a highpressure method as described in Ref. 20 . Our neutronscattering experiments were carried out on the BT-1 powder diffractometer at the NIST Center for Neutron Research ͑NCNR͒ using the Ge͑3,1,1͒ monochromator with an incident-beam wavelength of = 2.0785 Å. The collimations before and after the monochromator and after the sample were 15Ј, 20Ј, and 7Ј full width at half maximum ͑FWHM͒, respectively. Magnetic order parameters were taken on the HB-3 thermal triple-axis spectrometer at the High Flux Isotope Reactor, Oak Ridge National Laboratory with an incident-beam wavelength = 2.36 Å with pyrolytic graphite ͑PG͒ ͑0,0,2͒ as monochromator and PG filters. Collimations in these configurations were coarse ͑typically ϳ40-50Ј͒ for intensity reasons.
Our high-resolution measurements on BT-1 show that the high-temperature structure ͑175 K͒ in PrFeAsO can be well described by the expected tetragonal structure of space group P4 / nmm ͓Fig. 1͑c͔͒. The refined structural parameters are listed in Table Ia . Figure 1͑d͒ shows the low-temperature ͑5 K͒ diffraction pattern and refinement profiles for PrFeAsO, which can be described with the orthorhombic structure of space group Cmma. The orthorhombic distortion splits the ͑220͒ T Bragg peak of the tetragonal structure into two peaks, ͑400͒ O and ͑040͒ O in the orthorhombic structure, as shown in the inset of Fig. 2͑a͒ . The insets of Figs. 1͑c͒ and 1͑d͒ show the details of the diffraction pattern for 2 between 20°and 37°, where most of the observable magnetic peaks are located. We can clearly see several magnetic peaks at 5 K, which can be simply indexed with the expected commensurate magnetic structure. These peaks are absent in the 175 K diffraction pattern indicating that the system is in the paramagnetic state at this temperature. Refinements using the GSAS program give excellent fits for the low-temperature diffraction pattern, where the magnetic peaks are well accounted for by the combined Pr and Fe antiferromagnetic orders as shown in Figs. 1͑a͒ and 1͑b͒ . The Fe magnetic unit cell can be indexed as ͱ 2a N ͱ 2b N c N , which is exactly the same as for CeFeAsO. 10 The Fe spins order antiferromagnetically along the orthorhombic a axis and ferromagneti- ͑c͒ Observed ͑crosses͒ and calculated ͑solid line͒ neutrondiffraction intensities of PrFeAsO at 175 K in the tetragonal structure with space group P4 / nmm. The inset shows the detailed data for 18°Ͻ 2 Ͻ 38°, where most of the observable magnetic peaks are located. 2 is the diffraction angle, and the short vertical lines show the Bragg-peak positions. No magnetic peaks are observed at 175 K. The ͑purple͒ trace indicates the intensity difference between the observed and calculated structures. ͑d͒ Diffraction data at 5 K fitted with the orthorhombic structure of space group Cmma. The inset plots the detailed data in 18°Ͻ 2 Ͻ 38°showing three indexed magnetic peaks at 5 K along with the observed splitting of the structural peak. The magnetic peaks are accounted for by the combined contributions of Fe and Pr. The ͑1,0,0͒ peak vanishes completely above the Pr Néel temperature of 14 K, while the ͑1,0,1͒ and ͑1,0,2͒ peaks persist above 14 K and vanish at 127 K as shown in Fig. 2͑b͒.   FIG. 2 . ͑Color online͒ Temperature dependence of ͑2,2,0͒ T nuclear Bragg peak and magnetic ͑1,0,0͒ M and ͑1,0,1͒ M peaks. The data in ͑a͒ and ͑b͒ are collected on BT-1 and HB-3, respectively. ͑a͒ Temperature dependence of the ͑2,2,0͒ T ͑T denotes tetragonal͒ nuclear Bragg peak showing that the onset of the structure phase transition is about 153 K. The inset shows the ͑2,2,0͒ T reflection above and below the transition temperature. ͑b͒ Temperature dependence of the order parameter for the ͑1,0,1͒ M ͑M denotes magnetic͒ magnetic Bragg peak. The large increase in the intensity below 14 K is due to Pr ordering as confirmed by the temperature dependence of the ͑1,0,0͒ M magnetic Bragg peak, which has only an intensity contribution from Pr. The intensity of the ͑1,0,1͒ M peak vanishes at the Néel temperature of 127 K for the iron-spin ordering.
cally along the b and c axes with the moment direction along the a axis. The measured static-ordered Fe moment is 0.48͑9͒ B at 5 K, where numbers in parentheses indicate one standard deviation statistical uncertainty in the last decimal place, and B denotes the Bohr magneton. Error bars in this Brief Report also represent one standard deviation. Figure 2 plots the order-parameter data for the structural and magnetic phase transitions. The onset of the structural transition is indicated by the initial drop in the ͑220͒ T peak intensity with temperature, which is observed to be around 153 K ͓Fig. 2͑a͔͒. Figure 2͑b͒ reveals that the Pr Néel temperature is about 14 K, while the Fe Néel temperature is about 127 K. The Pr spins align along the c axis with the rather complicated magnetic structure shown in Fig. 1͑a͒ , where trios of spins are coupled ferromagnetically, while adjacent trios align antiferromagnetically. The ordered moment in the ground state is 0.84͑4͒ B at 5 K ͑see Table Ib͒. Compared to the undoped PrFeAsO system, there is no observable orthorhombic structure distortion in the PrFeAsO 0.85 F 0.15 down to 5 K ͓Fig. 3͑a͔͒. The tetragonal P4 / nmm structure can describe the diffraction pattern very well, as is the case for all the other highly doped FeAs-based superconductors. The oxygen-deficient PrFeAsO 0.85 sample also has no orthorhombic structural distortion down to 5 K, and the refined structural parameters are essentially the same as for the F-doped sample ͑Table Ib͒ ͓Fig. 1͑c͔͒. In addition, neither PrFeAsO 0.85 F 0.15 nor PrFeAsO 0.85 has any observable magnetic order at 5 K suggesting that antiferromagnetic order is directly competing with superconductivity. Note that in the GSAS refinements for PrFeAsO, PrFeAsO 0.85 F 0.15 , and PrFeAsO 0.85 , we assumed that oxygen, fluorine, and oxygen deficiencies are at their nominal values. As one can clearly see impurity scattering in the fitted diffraction patterns in Figs. 1 and 3, such an assumption may not be accurate. However, since the actual oxygen, fluorine, and oxygen deficiencies are difficult to control and determine, [1] [2] [3] [4] and we are only interested in knowing whether the observed magnetic structure can survive superconductivity, this assumption is likely to be adequate. In fact, for both the fluorine-doped and oxygen-deficient superconducting samples, the actual electron-doping levels are presently unknown. As a consequence, it is unclear why they have similar superconducting transition temperatures even though F substitution should have different electron-doping effect from oxygen deficiency in RFeAsO-based superconductors.
III. CONCLUSIONS
In summary, we have carried out detailed neutronscattering studies of the magnetic and nuclear structures of the FeAs-based superconductors PrFeAsO 0.85 F 0.15 ͑T c =52 K͒ and PrFeAsO 0.85 ͑T c =52 K͒ along with their parent compound PrFeAsO. Very similar to the other parent compounds of the FeAs-based superconductors, PrFeAsO has a simple collinear antiferromagnetic structure of the iron spins with a Néel temperature of 127 K and an ordered moment of 0.48͑9͒ B . The magnetic structure is identical to that of CeFeAsO ͑Ref. 10͒ but does not have the c axis unit-cell doubling like that of LaFeAsO ͑Ref. 8͒. The magnetic moments on the Pr sites are also antiferromagnetically ordered below 14 K, similar to the parent compounds of the other rare-earth FeAs-based superconductors such as CeFeAsO ͑Ref. 10͒ and NdFeAsO. 12 The Pr spins align along the c axis with a magnetic structure where trios of spins are coupled ferromagnetically, while adjacent trios align antiferromagnetically. The ordered moment in the ground state is 0.84͑4͒ B at 5 K. The iron magnetic order occurs below the transition from the high-temperature tetragonal phase to the low-temperature orthorhombic phase of the parent compound that occurs around 153 K. The structural distortion and iron antiferromagnetic order are suppressed completely in the optimally doped superconducting samples regardless of whether the superconducting state is achieved by F doping or oxygen vacancies, and the two types of doping yield very similar crystallographic structures. Note added. Upon finishing the present Brief Report, we became aware of a similar neutron powder-diffraction work on PrFeAsO and PrFeAsO 1−x F x ͑Ref. 21͒.
